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In this paper we will give a short overview about controlled synthesis of tailored polymers before we focus on three important topics addressing structure formation in polymer systems. These deal with the developments in theory and computer simulation, the self-assembly of block copolymers, and crystallization of polymers, respectively.
Introduction
Functional macromolecular systems have attracted scientific interest for many decades. The importance is already nicely reflected by the title of a Collaborative Research Center funded by the Deutsche Forschungsgemeinschaft SFB 60 "Funktion durch Organisation in Makromolekularen Systemen" (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) which was first coordinated by Hans-Joachim Cantow and
Synthesis of Tailored Polymers
Synthesis of tailored polymers has reached a very high level of development. The experimental works benefitted from the synthetic advancements since the introduction of living anionic polymerization in the 1950s by M. Swarzc. [1] Since then, ways to control other types of polymerizations have also been discovered. Besides control of molecular weight and molecular weight distributions also the microstructure (e.g., tacticity or other types of isomerisms) can be controlled in many polymers. Homopolymers, random copolymers, block copolymers can be synthesized in very controlled ways by various means of poly merization techniques like controlled radical and ionic polymerizations, but also by metallocene-catalyzed polymerizations. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Also hybrid block copolymers can be prepared in controlled ways by combining biopolymers with synthetic polymers. [13, 14] Controlled polymerizations can also be carried out in micro reactors, which opens the way to faster conversions. [15] [16] [17] [18] In recent years another new class of synthetic copolymers was developed with very precise positioning of comonomers along a polymer chain using advanced reversible addition fragmentation transfer polymerization (RAFT) techniques. [19] Moreover, besides linear chains also other macromolecular topologies can be synthesized like bottle brushes, [20, 21] cycles, [22, 23] combs, [24] stars, [24] [25] [26] [27] etc. Starting from basically any of these polymers further polymers can be obtained via a large number of well-defined post modification reactions, with "click chemistry" being a rather popular one. [28, 29] Supramolecular Chemistry based on the use of functional groups like both complementary and self-complementary hydrogen bonding motifs [30] can lead to supramolecular structures with many possibilities to tune properties of macromole cules. [31] [32] [33] [34] [35] [36] Besides hydrogen bonding also thermoreversible chemical bonds can be introduced to tailor thermomechanical properties of polymers. [37, 38] Thus a huge number of polymers with well-defined chemical and physical properties are available or can be synthesized as requested for further functionalization by physical or chemical post treatments.
Theory and Simulation

State of the Art
The atomistic modeling of structure transformation and selfassembly on the length scale of micrometers and timescales of seconds will not be computationally feasible in the next decades, despite the advances in modern supercomputer technology. Consequently, much effort has been directed toward devising coarse-grained polymer models as well as continuum descriptions because they are able to provide many direct insights into generic as well as chemistry specific molecular structure and thermodynamics.
Starting from an atomistic description, powerful coarsegraining strategies have been developed to accurately capture the molecular structure on the length scale of a few monomeric repeating units as well as the equation of state and equilibrium phase behavior in coarse-grained polymer models. [39] [40] [41] In a top-down approach, highly coarse-grained models have been devised to expand the length and timescales accessible in simulations up to micrometers and hours. [42] In these models the strengths of the relevant, soft interactions are directly related to experimental observables, like the polymers end-to-end distance in a melt or concentration variations in a mixture. In parallel, several new simulation techniques have been developed to mimic entanglement effects in soft, coarse-grained models by slip-links or slip-springs, [43] to quantify entanglements in polymer configurations by the primitive path analysis, [44, 45] and to compute the free energy of crystalline, disordered, [46] or self-assembled systems [47] in equilibrium. By combining selfconsistent field theory (SCFT)-based soft interaction models with a systematic top down mapping strategy morphologies of polymeric semiconductors can efficiently be modeled and linked to charge mobilities. [48] Adaptive resolution methods simulate systems with a spatially variable resolution and allow us to study the response to externally imposed stimuli. [40, 49, 50] Complementary to these particle-based descriptions, continuum models like self-consistent field theory, [51, 52] and approximations thereof [53] as well as dynamic density functional theory (D-DFT) [54] have made significant advances in terms of numerical implementations, including fluctuation effects (field-theoretic simulations and external potential dynamics (EPD), [25] and extending this efficient numerical technique toward kinetics (e.g., by coupling to the Navier-Stokes equation). Furthermore hybrid methods allow us to include hydrodynamic effects in an efficient way. [55] [56] [57] 
Recent Progress and Ongoing Developments
Whereas these advances in model development and computational techniques provide a first starting point for exploring how to control the path of structure transformation and selfassembly, there remain numerous issues that the community has only recently begun to address successfully: 1. Coarse-graining strategies for dynamic properties: The degrees of freedom that have been eliminated in the course of coarse-graining give rise to friction and thermal noise in a coarse-grained representation; at the same time free-energy landscapes become smoother (Figure 1) . In the past, the relation between the dynamics of the coarse-grained description and the underlying more microscopic model has not been explicitly quantified; instead, it has been routinely assumed that the dynamics of interest is dictated by a single relevant process, for example, the diffusive segment motion, and the timescale of the coarse-grained model has been identified by comparing the characteristic time of that process with experimental data. [39] In general, the existence of a single relevant timescale cannot be taken for granted. Actually for liquid crystals it has recently been demonstrated that different modes of structural relaxation experience different time mappings compared to the atomistic counterpart, which is especially relevant for non-equilibrium processes. [58, 59] More recently, projector-operator techniques have been devised to predict the dynamics of the coarsegrained degrees of freedom on the basis of the underlying microscopic dynamics and, importantly, to tailor them by thermostats. [60] [61] [62] An alternative Ansatz employs Markov state models to identify dynamical processes and adjust coarsegrained models to arrive at a homogeneous time scaling. [63] [64] [65] 2. Calculation of free-energy landscapes: The collective kinetics of structure formation and self-assembly is not solely dictated by the (meta)stable states, corresponding to minima on the free-energy landscape, but also the barriers and the thermodynamic driving forces, that is, the chemical potential in non-equilibrium states (Figure 2) . Recently, techniques like field-theoretic umbrella sampling, [66] the string method [67, 68] or metadynamics [69] have been devised and applied to explore the free-energy landscape, identify reaction coordinates, and obtain the free-energy profiles of collective transformations. [70] [71] [72] [73] Thermodynamic processes alter the free-energy landscape and may result in relaxation paths into novel (meta)stable structures. These aspects have just begun to be explored by simulation [74] and experiments. [75, 76] 3. Development of SCFT techniques: One of the major advantages of SCFT and D-DFT consists in their ability to readily obtain the free energy of configurations. Whereas many applications are restricted to the standard Gaussian chain model, recent efforts have focused on incorporating further molecular details including complex chain architecture and conformational asymmetric multi-component systems, [77, 78] equation-of-state effects and liquid-like packing, [79] supramolecular association, [80] and electric charges. [81, 82] These extensions of the SCFT contribute to make closer contact to experiments on functional materials.
These developments have already yielded significant insights into the collective kinetics of structure transformation, for example, the role of entanglements on the crystallization of polymers [83] or the defect annihilation in block copolymer systems. [84] 
Future Prospect and the Next Challenges
In order to fully benefit from these recent developments and make direct contact to experiments, however, a concerted approach is required that targets the following critical challenges:
Dynamics in Spatially Inhomogeneous Systems and Out of Equilibrium-Transferability
Whereas the coarse-graining of dynamics has been performed on spatially homogeneous systems at a specific thermodynamic state, for example, a polystyrene or a polycarbonate melt at a given temperature, [85] [86] [87] spatial and temporal variations are essential aspects of structure transformation and self-organization. For instance, spatially inhomogeneous systems may necessitate density-dependent, coarse-grained potentials. [88] Moreover, structure formation and self-assembly may be triggered by a rapid change of a thermodynamic control parameter (e.g., temperature), [89] may involve periodic variations of the environmental conditions, [90] or may imply external fields like shear [91] [92] [93] that drive the system out-of-equilibrium. In multicomponent polymer systems, during a quench from a homogeneous mixed state, interfaces will form and the dynamics in this inhomogeneous system will significantly differ from that of the original homogeneous state or inside the domains. Such non-equilibrium effects have been observed experimentally, for example, in the work of Cantow. [94] The thermodynamic conditions, for example, pressure or shear rate, may vary on a timescale that is comparable with the broad spectrum of relaxation times of a polymer system (in equilibrium). Thus, an accurate prediction of structure transformation and self-organization subject to external driving forces or out of equilibrium necessitates coarse-grained particle-based models to capture the single-molecule and collective dynamics of transient, spatially inhomogeneous states. Process-directed self-assembly to explore the kinetics of structure formation after a rapid change of thermodynamic conditions (e.g., photochemical change of segment properties): The evolution from an initial unstable state becomes kinetically trapped in a metastable state (e.g., an R-FD network morphology) that has no analogy in the equilibrium phase diagram of the block copolymer. The thermodynamic process alters the free-energy landscape and may result in relaxation paths into new (meta)stable structures. This exploration of process-accessible structures has just begun to be explored by simulation [74] and experiments. [75, 76] Coarse-grained particle-based simulations will provide important insights for continuum approaches by, for example, providing the Onsager coefficients that relate the dynamics of underlying motion of the extended macromolecules to the time evolution of collective properties. The non-locality of Onsager coefficients in space [95] and time [96] is only incompletely understood. Moreover, coarse-grained simulations will be most suitable for successively incorporating specific molecular details necessary to describe experimental examples of self-organization.
What are the Relevant Slow Variables for Structure Formation and Self-Assembly?
For investigating prototypical ordering phenomena (e.g., macroand microphase separation, liquid-crystalline ordering, and crystallization or even hierarchical structures) and processing techniques (e.g., (selective) solvent evaporation, rapid change of thermodynamic state/quench, mechanical deformation, steady or oscillatory shear, or external electric/magnetic fields) to direct them, we need to develop an understanding of the relevant, slow collective variables that are required to describe structure transformation and self-organization. Commonly, these order parameters are identified by the slow collective properties that characterize the system configurations. Prototypical slow variables include the densities of the different species, obeying a local conservation law, or order parameters like the local nematic director or interface positions, characterizing the breaking of the continuous orientation or translation symmetry. Whereas these (order) parameters may be sufficient to characterize the thermodynamic equilibrium, they may lack a direct molecular interpretation and additional order parameters may have to be included to characterize non-equilibrium states. For example, in steady-state shear the deformation of molecular conformations have to be accounted for [97] and also during spontaneous structure transformation, the common assumption of SCFT, that the molecular conformations be always in equilibrium with the instantaneous density distribution, may break down because the kinetics of the density occurs on the same timescale as the molecular relaxation. [98] Thus, the description of structure transformation and self-organization necessitates the identification of new order parameters, for example, the molecular strain or the variance of the slowest, first Rouse mode to describe the overall chain deformations, and to explore the freeenergy landscape as a function of both, the traditional order parameters like the density and the new ones that characterize deviation of the system from the equilibrium at constraint traditional order parameters. By the same token, the kinetics of these new (order) parameters has to be described and related to the dynamics of the underlying molecular system. Not only the (static) free-energy landscape as a functional of the order parameters but also the dynamics of the order parameters (e.g., conserved vs non-conserved dynamics, or diffusive dynamics vs hydrodynamics) dictate the actual path on the free-energy landscape and the selection of metastable states.
The development of meaningful models is critical to establish the theoretical understanding of process-directed structure transformation and self-organization and to explore and evaluate different, experimentally relevant strategies. The comparison of different systems and between continuum models and coarse-grained molecular simulations will facilitate the judicious selection of relevant, slow, collective variables. The recent computational advances will allow one to explore the concomitant free-energy landscape. These continuum polymer models will also establish a link to the theory of non-linear dynamics and non-equilibrium statistical mechanics [99] that will be instrumental in evaluating the different process conditions and categorizing the principles of structure transformation and dynamic self-assembly of active and autonomous systems. We expect that these polymer models will be validated by experiments and provide suggestions for new paradigms of directing structure transformations and self-assembly that exploit specific polymer properties (e.g., the spatial extension of the molecules, the wide spectrum of molecular relaxation times, or specific aspects of the reptation dynamics and the role of topological constraints in general).
Microphase Separation in Block Copolymers
State of the Art: Equilibrium Structures
In general, different homopolymers are immiscible with each other. Therefore block copolymers composed of at least two different homopolymers tend to form microphase-separated structures on a mesoscopic length scale with periodically modulated properties, for the chemical links between the blocks prevent them from a macroscopic phase separation. The compositional variables like the type of monomers, their microstructure in the chain, the degree of polymerization, and the relative amounts of the different blocks dictate the equilibrium morphology at a given temperature (and pressure). For a few decades, a large theoretical knowledge about the equilibrium structures of block copolymers has been available for systems in the bulk state, including the order-disorder transition between an ordered microphase (mostly the lamellar phase) and the so-called disordered phase, in which the dissimilar blocks are mixed on a segmental level. [100, 101] Still (for block copolymers new) phases are discovered like the Frank-Kasper phases [102, 103] or cocontinuous phases differing from the gyroid structure. Also, but to a lesser extent, order-order transitions between different ordered microphase morphologies were investigated by self-consistent field theory [104, 105] and experiments. [106] The increasing number of different blocks leads to a huge increase of possible structures. [107] [108] [109] [110] Riess and coworkers [111] and later the groups of Matsushita [112] [113] [114] and Stadler [107, 108, [115] [116] [117] discovered a number of new morphologies for triblock terpolymers. Some examples from Stadler's group are shown in Figure 3 . These works stimulated more research on triblock terpolymers, which were all prepared by sequential living anionc polymerization. Various cocontinuous morphologies have been described for linear triblock terpolymers. [118] Many topologies besides the linear one are possible and more demanding in synthesis. Therefore, fewer works on controlled non-linear topologies are reported. Some systematic works have been performed on miktoarm star terpolymers. [26, 27, 119, 120] The introduction of controlled radical polymerizations led to a strong increase in the number of block copolymers, which have been experimentally studied. Also controlling the dispersity of block copolymers and blending of block copolymers are possible ways to influence morphologies and also discover new ones which led to a number of experimental and theoretical studies. [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] A number of hierarchical superstructures can be obtained by blending block copolymers with low molecular weight amphiphiles. [137] Blends of amphiphilic diblock copolymers with ionic liquids led to Frank-Kasper phases like the cubic A15. [103, 138] Due to their periodic structure, block copolymers are also suitable templates for other functional materials such as ceramics [139, 140] or metals. [141, 142] Besides bulk structures, also solution structures of block copolymers have been studied for a long time, both experimentally and theoretically. [143] In dilute solutions of block copolymers, the selectivity of the solvent may drive the macromolecular chains to form micellar superstructures. These micellar structures often are in a dynamic equilibrium with individually dissolved block copolymers and can respond fast to a change in the thermodynamic conditions, such as temperature, [144] a change of the solvent (for example by adding another component), [145, 146] or change of pH value. [147, 148] 
State of the Art: Non-Equilibrium Structures
It is well known that micellar self-assemblies in solution can be induced and fixed by carefully exchanging the solvent by a non-solvent for the micellar core blocks, which freezes in the structures if the core block is below its glass transition temperature. Other ways to fix micellar structures are by cross-linking the core or corona of the micelles, or by crystallization of the core blocks. Crystallization from dilute solution can direct the [107] Middle row: Upon increasing volume ratio (φ B /φ M ) with only slightly decreasing volume fraction of the S matrix, different spherical and cylindrical microphases are observed. [108, 116] Lower row: Upon increasing volume ratio (φ B /φ S ) with only slightly decreasing volume fraction of the M matrix, some similar morphologies as in the middle row are observed. However, the helical morphology is only observed when S forms the core cylinder, while it is not observed when M forms the core cylinder. [108, 116] The compositional variations are schematically shown in the ternary composition diagrams on the right side. Images adapted with permission. [217] Copyright 2002, John Wiley & Sons.
self-assembly of block copolymers, as was shown for diblock copolymers. [149, 150] Patchy wormlike structures were obtained from triblock terpolymers with a crystallizable middle block (Figure 4) . [151] [152] [153] Crystallization-induced self-assembly of block copolymers from solutions has been shown to be a versatile tool to design one-dimensional micellar structures and also blocklike structures can be prepared by using this type of supramolecular polymerization. [149] Also blends of diblock copolymers with a crystallizable homopolymer have been studied. [154] The way the solvent-nonsolvent exchange is carried out influences the finally obtained structure. While a slow exchange of solvent by non-solvent via dialysis leads to rather well organized micellar objects, the dropwise immersion of a dilute block copolymer solution into a non-solvent leads to a powder-like solid with a poor local order. A very interesting way to control the formation of superstructures of micellar objects is to start with a homogeneous solution of a block copolymer and then to exchange the solvent by selective nonsolvents in a sequential way to guide structure formation along specific free-energy pathways. In more complex block copolymers like triblock terpolymers this can lead to superstructures such as supracolloidal polymers of micelles with compartmentalized surfaces (Figure 5) . [155] Concentrated block copolymer solutions open additional possibilities when subjected to a solvent-non-solvent exchange. They can form gradient materials with different morphological orders, if the non-solvent is added in large excess and penetrates into the block copolymer solution within a very short time. In concentrated block copolymer solutions the chains overlap with each other and can microphase separately if the segregation strength between the different blocks is large enough, that is, not sufficiently screened by the solvent. An example for such a system is a concentrated block copoly mer solution cast as a film, in which microphase separation initiates at the surface due to evaporation of the solvent. When such a film is transferred into a non-solvent (which is miscible with the solvent), a solvent-non-solvent exchange takes place perpendicular to the film surface, resulting in a precipitated block copolymer structure with a porosity gradually increasing with increasing distance from the surface (Figure 6 ). [76, [156] [157] [158] [159] The surface itself may show a regular microphase morphology of the block copoly mer, which can be aligned perpendicular or parallel to the surface, depending on the exact conditions. Also without using a non-solvent, a gradient structure may be obtained by fast evaporation of the solvent from a concentrated block copoly mer solution.
Bulk morphologies of block copolymers represent the other extreme in contrast to dilute solutions (in which the block copolymer chains are individually dissolved), as there is no solvent present. Often the bulk morphology is obtained by evaporating the solvent from a block copolymer solution. In this case it is known that the selectivity of the solvent for the different blocks and the rate of evaporation play important roles on the morphology and its long range order. A well-known example is a poly styreneblock-poly((4-vinylbenzyl)dimethylamine)-block-polyisoprene triblock terpolymer, which shows a cake-like morphology when being cast from benzene and a lamellar structure when cast from dioxane. [160] The cake-like structure is unexpected for a linear block copolymer, while it is more compatible with a miktoarm star terpolymer. [119] Another example is polystyreneblock-poly(ethylene-co-butylene)-block-poly(methyl methacrylate) triblock terpolymer (SEBM) showing a so-called knitting-pattern morphology (Figure 7) when cast from chloroform and a lamellar structure when cast from toluene. [115, [161] [162] [163] Figure 4 . Schematics of the formation of patchy worm-like crystalline core micelles (wCCMs) obtained by crystallization of the middle block of a polystyrene-block-polyethylene-block-poly(methyl methacrylate) (SEM) triblock terpolymer from a good solvent for all blocks (left) and formation of spherical crystalline-core micelles (sCCMs) from a bad solvent for the crystallizable middle block (right). Red and blue blocks correspond to S and M, black blocks correspond to E, respectively. Scale bars of the transmission electron micrographs: 100 nm. Adapted with permission. [153] Copyright 2011, American Chemical Society.
In this and also other cases of block copolymers with more than two components, a sequential microphase separation of different blocks from the initially homogeneous solution has been reported as a reason to obtain unexpected morphologies. [164] Besides the selectivity of the solvent also the speed of its removal may be crucial, as the rearrangement of chains into Figure 5 . Solvent-driven SA of polystyrene-block-polybutadiene-block-poly(methyl methacrylate) triblock terpolymer into multicompartment micelles and supramolecular polymer structures. Scale bars of the transmission electron micrographs: 50 nm. Adapted with permission under the terms of the CC-BY-NC-ND 3.0 license. [155] Copyright 2012, Springer Nature. a microphase morphology happens only if the effective repulsion between different blocks is no longer sufficiently screened by the solvent molecules. As with evaporation of the solvent also the mobility of polymers is reduced, the obtained morphology is a result of the competition between the increasing incompatibility of dissimilar segments on one side and the decreasing mobility on the other side. In the case of longer chains, their mobility may be further reduced by entanglements. The choice of the solvent (or solvent mixture) and a controlled protocol of solvent evaporation therefore can be a tool to control a final (metastable or frozen-in) morphology.
Non-equilibrium morphologies are often found in block copolymers with one or more crystallizable blocks, as in such systems microphase separation, because of the segmental incompatibility between blocks and the tendency of a block to crystallize, can interfere with each other. [165, 166] Therefore, the resulting morphologies are often sensitive to the thermal history of the sample. [167, 168] Structural reorganization of thin film morphologies is another example, which shows the strong effects or processing history. Dip-coated or spin-cast films from dilute solutions often display a non-equilibrium morphology in the dry state due to the very fast evaporation of the solvent. Subsequent thermal annealing can lead to relaxation of frozen in stresses and structural reorganization including dewetting. Another interesting tool is the so-called "solvent vapor annealing," where structural reorganization can occur due to swelling of the film and increasing the chains mobility. As mentioned before about the bulk materials obtained from solution casting, also here the selectivity of the solvent is important and can also be used to manipulate the surface morphology. [169] 
State of the Art: Application of External Fields and Confinements to Direct Self-Assembly
In bulk, but also in concentrated solutions, external fields like (dynamic) shear [170] [171] [172] or electrical fields [173] [174] [175] can be used for a macroscopic alignment of lamellar or cylindrical microdomains. While shear can be used also on thick samples, the electric field shows a much weaker coupling to the mostly organic materials dielectric constants and therefore only relatively thin samples can be effectively influenced. Also morphological transitions can result from the action of external fields, like the transformation of spherical into cylindrical microdomains in bulk [176] or solution. [177, 178] Processing techniques like spinning of fibers or hollow fibers from solution [179] are still poorly understood. Electrospinning is a special spinning technique which leads to fibers with diameters down to the nanometer range. [180] Electrospinning has been applied to block copolymer solutions [181, 182] and also in this case processing-structure relationships are far from being fully understood. For an example of structure formation in the case of highly deformed polymer melts see, for example, ref. [183] . Another kind of external influence on the self-assembly are surface patterns with characteristic dimensions close to the length scale of the block copolymers. [72, [184] [185] [186] [187] [188] Graphoepitaxy [189] [190] [191] and chemoepitaxy using lithographic methods [192] [193] [194] have been shown to be useful methods to control the self-assembly of block copolymers. Also confined geometries with characteristic dimensions close to the length scale of the block copolymers have been studied. [195, 196] For example, the self-assembly in cylindrical pores with diameters in the range of the block copolymer size was studied and due to the confinement the curvature of the microphase separated block copolymer was strongly affected. A block copolymer forming cylinders in the bulk was found to form a helical structure. [197] Also the thickness of solution cast block copolymers can affect their self-assembly as was shown on the example of a cylinder-forming triblock copolymer. [198] 
Future Prospect and the Next Challenges
Although there is a tremendous amount of available experimental data, there are still many unknown metastable (or Knitting pattern morphology resulting form casting an SEBM triblock terpolymer from chloroform, while casting from toluene leads to a lamellar morphology. Reproduced with permission. [115] Copyright 1996, Wiley-VCH. kinetically trapped) structures, which may form under specific conditions, and the processes under which they form are often unknown or not fully understood. Therefore systematic processing variations have to be carried out both in dilute and concentrated block copolymer solutions and the structural developments should be monitored by on-line methods with suitable time resolution. Rather than varying only one variable with time, such as the solvent concentration of an evaporating solvent or the solvent composition by dialysis, also the combination of different varying variables, like mixtures of solvents with different evaporation rates, or the combination of solvent evaporation with a changing external field like an electric field, shear field or magnetic field may lead to novel structures. Variable solvation properties due to temporal variation of relative solvent concentrations upon evaporation of mixed solvents can lead to intermediate structural changes. [199] Stimuli-responsive membranes may be combined with autonomous functional units, which lead to pH gradients within the membranes. While in this part a focus was mainly put on amorphous systems, also liquid-crystallinity and crystallinity (see next chapter) are important properties, which can be included in these studies. Crystallization-driven SA of block copolymers from solution to form controlled superstructures, as mentioned before, are just one example.
Polymer Crystallization
State of the Art: Polymer Crystallization from Bulk and Solution
Crystallization, that is, arranging molecules into structures of long-range order, is a highly versatile pathway for controlling structure (trans-)formation, yielding a multitude of fascinating morphologies. The symmetry of the resulting macroscopic structures still reflects the crystallographic parameters of the crystal unit cell, determined at a molecular level. Hence, the process of crystallization crosses all lengthscales from molecular features up to sizes visible by the naked eye, establishing a hierarchy of patterns, allowing to propagate molecular order across these lengthscales. Moreover, for polymers, the connectivity of monomers along a polymer chain introduces a plethora of timescales, reflected, for example, in the increase of the lamellar thickness with the logarithm of time. It is pretty obvious that correlations must exist between these kinetically determined morphologies which are hierarchically built-up on the one hand, overall (macroscopic) properties, and hence the performance of such polymeric crystalline materials on the other hand. However, we are still lacking a profound understanding of these correlations. Presently, we are not able to control the underlying structures to the extent that we can predictably establish the desired functional patterns.
While the thermodynamically most stable crystals have rather simple shapes (e.g., faceted crystals), fast growth kinetics often leads to more complex morphologies like dendritic structures. These structures, however, still reflect the symmetry of the unit cell. As comprehensively summarized by Sekerka, [200] morphological evolution during crystal growth is basically controlled by three processes: i) transport of molecules to the growing crystal front (diffusion field). ii) The process of attaching these molecules to this growth front and how they are integrated into the crystal (interface kinetics). iii) Minimization of interfacial energy driven by surface tension effects (capillarity). Modeling of these three processes Brener et al. [201] and Gránásy et al. [202] have successfully shown how the interplay of all three of them affects morphological changes, for example, the transition from faceted to dendritic crystals.
Polymers have to follow the same basic physical laws of crystallization, valid for all crystallizing systems. However, crystallization of long chain-like molecules is handicapped by constraints imposed by the connectivity of the monomers, the crystallizing units. Figure 8 indicates that polymers cannot attach individual crystallizable "blocks" independently: a polymer always comes as a "chain of blocks" which are not all simultaneously attached to the crystal. In addition, due to the connectivity of the blocks, they only can integrate into the crystal at a limited number of neighboring sites. Extremely long times are required to fully extend long chain-like molecules, which in most cases are not available during the growth process. When crystallization proceeds fast, and thus no optimization of the block arrangement can be achieved, some of these blocks may stay excluded from the crystal if the required sites on the crystal were already taken by other blocks from the same chain or from other chains. A typical outcome is a lamellar crystal bound by amorphous surfaces containing chain folds. For long polymers, their total length (contour length) is frequently some hundred or thousand times longer than the kinetically selected thickness of a crystalline lamella. Often, lamellar polymer crystals can get easily as wide as some 100 microns, but will only be some 10 nm thick, as defined by the average length of crystalline stems. Furthermore, when growing to macroscopic scales, these quasi-2D crystalline polymer lamellae undergo a sequence of morphological modifications, caused, for example, by the Mullins-Sekerka instability [203] and the marginal stability criterion [202, 204] leading to a multitude of patterns (dendrites, spherulites, shish-kebabstructures, …).
The time required for the formation of a "perfect" crystal consisting only of polymers without chain folds increases exponentially with the length of the polymer. Thus, when incorporating chain-like molecules fast into the crystal, that is, within a time shorter than the time needed for optimization and fully extending these molecules at the crystal front, this will be done at the expense of lower perfection, that is, chain-folds are generated. The degree of folding characterizes in part the meta-stability of a polymer crystal and depends crucially on the crystal growth rate, that is, the degree of super-cooling. The degree of chain folding determines the lamellar thickness, which, in turn, affects the melting temperature of such chain-folded crystals. [205, 206] As a consequence of the interplay of the multitude of timescales involved (the shorter the time allowed for integrating polymers in a crystal the more folded are these polymers in the crystalline lamella), even polymer single crystals, and even when grown at a constant temperature, consist of coexisting regions of differing thermodynamic stability. As an advantage of such coexistence, polymers allow for a self-seeding process, which can be employed to circumvent nucleation, an often-problematic step in polymer crystallization due to its slow kinetics.
Recent Progress and Ongoing Developments
Although crystallization of polymers is governed by the same physical principles valid for small molecules, kinetic aspects are introduced on the ordering of these chainlike molecules caused by the connection of many crystallizable segments in one polymer chain. As a consequence of fast molecular ordering in complex macromolecular systems, corresponding to a fast rate of crystallization, a manifold of non-equilibrated, metastable states (having, e.g., different melting temperatures) are established, characterized, for example, by the degree of chainfolding and the resulting amorphous fold surface of polymer crystals.
Such metastable states are prone to evolve in time. The attempt to relax these states in order to approach equilibrium is at the origin of various phenomena that are only observable in polymeric systems. In the scheme of Figure 9 some of the essential steps occurring in polymer crystals in the course of time during growth or during annealing at a temperature below the melting point are shown both for crystals grown in solution or from the melt in a thin film.
Beginning with the growth of the crystal, the kinetically selected thickness of a lamellar crystal may increase in time. This may be due to a progressive removal of chain folds in the course of reorganization, occurring even within polymer single crystals. Investigating morphological changes and the melting behavior of polymer crystals provides information on how meta-stable states evolve toward lower free energy states [207] [208] [209] Such studies reveal exchanges between regions of differently folded molecules within polymer crystals. Therefore, detailed examination of the temporal evolution of order within polymer crystals represents a promising approach for obtaining molecular scale information on the variation of meta-stability.
Orientation and size of polymer crystals are identified as crucial parameters affecting many properties. For example, optoelectronic effects in semi-crystalline conjugated polymers depend sensitively on (local) chain order and the way crystalline domains are interconnected and oriented. Thus, having a handle on nucleation may enable optimization of these properties [210, 211] Besides potential use in applications demanding oriented crystals, self-seeding can be used for investigating basic questions of molecular ordering in macromolecular systems.
Future Prospect and Challenges: Profiting from Advantages Provided by the Meta-Stability of Polymer Crystals
In contrast to equilibrated crystals achievable for small molecules, the degree of order (e.g., chain folding) within a polymer crystal can vary both in space and time, reflecting variations in meta-stability of polymer crystals. Thus, re-ordering of chains, relaxation of stresses acting on chains, removal of chain folds, and changes in the way such folds are arranged in space may occur in the course of time, during or after crystallization. All these processes have an impact on the thermal stability and thus the melting temperature of such crystals. Figure 8 . Schematic representation of the central difference in crystallization of polymers and small molecules. a) Small molecules, here represented by cubes, arrive randomly and independently at the crystal growth front. There, they get attached and may undergo some steps of reorganization. b) In contrast, polymers, represented by chains of connected cubes, attach only sequentially to the crystal, imposing severe constraints on the attachment possibilities of subsequent chain segments, leading to chain folding and the formation of lamellar crystals having amorphous fold surfaces. Adapted with permission. [209] Copyright 2009, Nature Publishing Group. Figure 9 . The kinetically selected thickness of a lamellar crystal, a) in solution and b) in a molten thin film on a substrate, may increase in time or in response to a temperature jump by removing progressively more chain folds in the course of reorganization within the crystal. Adapted with permission. [209] Copyright 2009, Nature Publishing Group.
a correlated fashion across all spatial dimensions. Thus, the resulting structures typically consist of (randomly distributed) crystalline domains having varying degrees of stability. As a consequence, when trying to melt polymer crystals at a constant temperature, they will only melt partially. Regions of higher stability will resist melting and can be viewed as thermodynamically stable "islands in the sea." However, when implementing appropriate processing conditions, we may control both chain orientation and crystallization behavior. Using, for example, a self-seeding approach for previously shear-oriented polymers, even for varying degrees of meta-stability, one may achieve a unique orientation of all polymers within these crystalline morphologies. We may profit from possibilities of controlling the nucleation probability, for example, by pre-aligning polymer chains through adequate shearing steps during processing, or from discretely varying the degree of meta-stability (i.e., varying the value of the melting temperature of a polymer crystal), for example, by changing the growth temperature in steps. Lamellar crystals become (slightly) thicker when grown at lower undercooling and thus will melt at a (slightly) higher temperature. Using an appropriate temperature protocol allows to grow structures with controlled spatially arranged and oriented crystalline regions of differing melting temperatures. When trying to melt these crystals in a temperature range in between the minimum and maximum melting temperature only parts of the structure will melt. Thus, when lowering the temperature again, the remaining crystalline parts can act as starting points for crystal growth. This is one of the key concepts for the development of programmable and reversible shape-memory polymeric systems.
Presently, most theoretical concepts of polymer crystallization do not take into account the plethora of timescales involved, both during the attachment of polymers (segments) at the front during growth but also later, within the metastable crystal. We are not yet able to describe in detail the temporal evolution of crystalline patterns and thus cannot predict their functional properties. Consequently, we need to develop concepts for collective kinetic processes on the various lengthand timescales occurring during the formation of crystalline structures. These processes determine changes of metastable states, governed by the rates at which barriers separating such non-equilibrium states can be overcome by the acting (thermodynamic) driving forces.
Furthermore, these underlying out-of-equilibrium kinetic processes are crucially affected by rapid changes of a thermodynamic control parameter (e.g., temperature) or external fields like shear, introducing collective changes of transient, spatially inhomogeneous molecular states of various length-scales (from segments up to the whole chain and, when entangled with other chains, cooperative movements of many chains). Thus, a comprehensive and in-depth understanding of pathways controlling crystalline pattern (trans-)formation will allow us to design protocols for processing polymers into predictable functional structures with unique mechanical, optical, or electrical properties.
Conclusions
In this contribution we illustrated the potential and challenges of tailoring kinetic pathways for obtaining functional macromolecular systems by two important research areas in this field, namely self-assembly of block copolymers and polymer crystallization. The combination of advanced experimental techniques, theoretical modeling, and computer simulation will not only accelerate our better understanding of these fascinating phenomena but also open new doors for the development of new materials with tailored properties. We did not address other important research areas in this field, such as melt processing of polymers by extrusion [212] which can also result in highly functional materials such as 1D photonic crystals. [213, 214] In parallel to the physical questions addressed in this contribution, also interesting developments are going on in the area of non-equilibrium chemical reactions. They also have a strong impact in the development of novel functional materials, such as autonomously dynamic systems, which have been reviewed recently by the group of Andreas Walther. [215, 216] Figure 10 schematically shows different non-equilibrium states, which can be obtained along a macromolecular systems' pathway toward thermodynamic equilibrium by lowering its free energy, or the macromolecular systems' free energy is increased by consuming energy from its environment.
